We introduce a model for the effect of cesium adsorbates on the work function of transition metal surfaces. The model builds on the classical point-dipole equation by adding exponential terms that characterize the degree of orbital overlap between the 6s states of neighboring cesium adsorbates and its effect on the strength and orientation of electric dipoles along the adsorbate-substrate interface. The new model improves upon earlier models in terms of agreement with the work function-coverage curves obtained via first-principles calculations based on density functional theory (DFT). All the cesiated metal surfaces have optimal coverages between 0.6 to 0.8 monolayers (ML), in accordance with experimental data. All the cesiated tungsten surfaces we have considered are shown to have minimum work functions (MWF) lower than most cesiated metals, also in accordance with experiments.
I. INTRODUCTION
The work function is one of the most fundamental properties of a metallic surface, important in determining the material's applicability as a contact electrode 1, 2 or electron emitter 3 . Surfaces with ultralow work functions could therefore improve technologies requiring precise control of contact barriers such as organic and printed electronics 2 or a variety of devices based on electron emission, ranging from fluorescent light bulbs 4, 5 to THz sources 6 , thermionic energy converters (TECs) 7 , and the photon-enhanced thermionic emission converters (PETEC) 8 . For TEC and PETEC, in particular, discovery of thermally stable materials with work functions of less than 1 eV would allow thermionic conversion of high-temperature (> 500 °C) heat or solar radiation directly to electricity with efficiencies exceeding 50%.
Among elemental materials, alkali metals are known to have the lowest work functions, with cesium having the lowest at ≈ 2.0 eV 9 . However, in practical applications, a number of alloys and compounds, such as thoriated tungsten 10, 11, 12, 13 and lanthanum hexaboride 14, 15 , are used because they offer relatively low work functions (≈ 2.5 eV) in combination with much better chemical and thermal stabilities. It has also been known since the 1930s 16, 17 that it is possible to create surfaces with work functions lower than those of any elemental, bulk materials by using coatings with thicknesses on the order of a monolayer. For example, the most popular cesiated metal surface -polycrystalline tungsten with a submonolayer coating of cesium (W/Cs system) -has a minimum work function (MWF) of  1.5 eV, which is significantly lower than the work functions of both cesium (  2.0 eV) and tungsten (  4.5 eV) themselves 18 . In all such cases, the work function of the substrate is lowered due to partial transfer of electron charge from the adsorbate to the substrate and the resulting formation of surface dipoles.
In this study, we focus on cesium as the adsorbate because it generally induces the largest decrease in the work function among atomic adsorbates 19, 20, 21, 22 . As a starting point for designing new materials, we perform a first-principles-based screening study of trends in minimal work functions that can be obtained using cesiated 3d-, 4d-and 5d-transition metals. Based on the observed results, we introduce a new model of dipole-induced work function lowering that significantly improves the agreement with the simulated results and experiments. The new model takes into account not only electrostatic interactions but also covalent interactions due to orbital overlap among neighboring adsorbates.
The article is structured as follows: In Section II below, we briefly describe the methods of DFT calculations. In Section III, we explain the general dependence of the work function on cesium coverage in the low, intermediate, and high coverage regimes. In Section IV, we describe the classic point-dipole
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model of work function reduction due to atomic adsorbates and discuss its limitations. In Section V, we introduce the new orbital-overlap model. Finally, in Section VI we present the results of DFT simulations, discuss how well they agree with various dipole models, and determine the lowest work functions attainable with different transition metal substrates.
II. METHODS
We study work functions of cesiated transition metal substrates using first-principles calculations within the framework of density functional theory (DFT) 23 . The ion cores are described by ultrasoft pseudopotentials 24 , as implemented in the plane-wave code Dacapo
25
. For the exchange-correlation functional, the Revised Perdew-Burke-Ernzerhof (RPBE) 26 version of the generalized gradient approximation is employed. For the expansion of the Kohn-Sham 27 bands a kinetic energy cutoff of 340 eV is used, and Brillouin zone sampling is performed with a grid spacing of at most 0.05 Å -1 .
All calculations are carried out without spin polarization. We find that the difference in the work functions predicted by magnetic and non-magnetic models is only on the order of 50 meV due to pinning of the Fermi level with respect to the vacuum electrostatic potential by the Cs adsorbates.
Using relaxed bulk lattice constants, supercell calculations are performed with 20 Å of vacuum between the slabs. We find that a slab consisting of a minimum of four metal layers, where the two topmost layers are allowed to relax, is required for the work function to converge. A dipole correction is applied to compensate for the symmetry-breaking with respect to the fixed and free surface of the slab, reducing the number of layers needed compared to a full relaxation of the entire slab 28 . Figure 1 shows the typical dependence of the work function on the cesium coverage as observed both in experiments 20, 29 and DFT simulations 19, 30 . Initially, the work function decreases approximately linearly with increasing coverage as the dipoles associated with individual adsorbate atoms practically do not interact with each other. However, as the coverage increases and the average distance between the adsorbate cesium atoms decreases, the dipoles begin to interact, at first electrostatically as point dipoles and then covalently via the extended electron clouds of cesium 31 . As a result of these interactions, the dipole associated with each individual adsorbate atom decreases (i.e., depolarization occurs), causing the work function to reach a minimum and then increase again, eventually saturating at the value corresponding to the work function of bulk cesium. We can qualitatively characterize the three regimes of the adsorbate-induced work function reduction in Fig.  1 as follows: At low coverage (Fig. 2a) , the distance between neighboring adsorbate atoms is so large that they can be treated as point dipoles, and simple electrostatic interactions between the point dipoles provide an adequate description. Conversely, at high coverage ( Fig. 2c) , strong covalent interactions dominate and the dipole can only be adequately modeled quantum mechanically. However, there is an intermediate regime of crossover between these classical and quantum-mechanical contributions. It is in this intermediate region of relatively weak covalent bonds (Fig. 2b ) that the work function typically reaches a minimum. Therefore, it is particularly important to have a model that adequately describes the dependence of the work function on the adsorbate coverage in this intermediate regime. 
III. DEPENDENCE OF WORK FUNCTION ON ADSORBATE COVERAGE

IV. CLASSICAL POINT-DIPOLE MODEL
At sufficiently low coverage, a single alkali atom is predicted to be adsorbed as an ion 30, 32, 33 , with the corresponding dipole formed normal to the surface (e.g., Fig. 2a ). There are two competing effects as the number of adsorbates increases: the increase of the overall dipole density and the depolarization due to electrostatic interaction between the dipoles. These two effects are accounted for in the simple classical dipole model through the depolarization equation (1) where  is the reduction in the work function, N is the number of surface-coating adsorbates per unit area, 0 z  is the surface-normal dipole moment associated with each adsorbate in the limit of very low surface coverage (i.e., without depolarization),  is the linear polarizability of the surface dipoles, and c (  9) is a dimensionless parameter that weakly depends on the exact spatial arrangement of the dipoles on the surface. This model is valid at relatively low surface coverage where the dipole strength responds linearly to local fields, i.e., where the dipoles do not rotate or start interacting through covalent bonding among adsorbate atoms 22 . Since the initial dipole moment 0 z  is generally governed by the difference between the electronegativities of the adsorbate and the substrate, the initial slope of Eq. (1) is particularly large for the combination of cesium and highly electronegative transition metals such as tungsten.
In the intermediate regime, however, the adsorbatesubstrate bond adopts a partially covalent character as purely covalent bonds start to form between the adsorbates themselves 30, 31, 33 (Fig. 3) . At the optimal cesium coverage corresponding to the minimum work function (MWF), there is significant orbital overlap between neighboring cesium atoms (Fig. 2b) . In the regime of very high surface coverage (Fig. 2c) , adsorbates form a layer that is essentially covalent 31, 33 , and the work function of bulk cesium is reached (Fig. 1) . To account for the onset of orbital overlap, which is crucial for an accurate description of the work function behavior around its minimum, a model beyond the classical electrostatic description according to Eq. (1) is needed.
V. ORBITAL-OVERLAP MODEL
Due to the large extent of the Cs 6s states, overlap becomes important at coverages as low as  2  10 14 atoms/cm 2 (  0.5ML). On one hand, the large extent of the 6s states renders the assumption of electrostatically interacting point-dipoles in Eq. (1) invalid. On the other hand, the formation of Cs-Cs bonds introduces further depolarization as charge transfer to these covalent bonds weakens the dipoles normal to the surface.
We will model these two effects by introducing additional overlap terms into the classical model described by Eq. (1):
in which the exponential terms 
VI. RESULTS AND DISCUSSION
We examine the close-packed surfaces HCP(0001), FCC(111), and BCC(110), as well as the more open surfaces FCC(110) and BCC(100) of 3d-, 4d-, and 5d-transition metals (except for Tc and Mn). We consider these open surfaces since the work functions of the technologically important polycrystalline substrates correspond to an average over surfaces of different orientations. Empirically, the work functions measured for FCC(110) and BCC(100) substrates provide the best estimates for the observed values of polycrystalline samples 18, 34 .
Despite the large span of different transition metals, the curve of the work function versus coverage has similar characteristics, as was discussed above. To illustrate the characteristic coverage dependence of the work functions, we show three representative systems of cesiated, close-packed transition metal surfaces in Fig. 4 . The cesiated Ag(111), W(110), and Pt(111) surfaces have work function minima at a normalized coverage of approximately 0.5, 0.7, and 0.75 monolayer (ML), respectively.
The orbital-overlap model (Eq. 2) demonstrates dramatically better agreement with the DFT data ( Fig. 4a ) than either the classical dipole model (Fig.  4b) or the modified Gyftopoulos-Levine (G-L) model 32, 35 (Fig. 4c) . The classical dipole model exhibits reasonable fit at the low coverage regime but tends to overestimate the curve minimum and underestimate the work function in the high coverage regime. A modified G-L model was devised by Jensen et al. 35 to incorporate empirical parameters such as covalent radii, although the fit tends to overestimate the work function (Fig. 4c) . The modified G-L model also requires reconciliation of different experimental values such as atomic surface densities 16, 36, 37, 38 . In addition, the nature of the polynomial fit in the modified G-L model results in nonphysical deviations at coverages above 1 ML (Fig. 4c) . Figures 5a and 5b show the calculated MWFs and optimal coverages for the metal substrates studied. In general, the cesiated transition metal surfaces have optimal coverages between 0.6 ML and 0.8 ML, in accordance with known experimental data 20, 29 . The minimum work functions (MWFs) vary between 1.35 and 1.8 eV, with the lowest work functions obtained for tungsten (W) and gold (Au) substrates. The lower MWF of these metal substrates are explained by their high electronegativities (W at 2.36, Au at 2.54) 39 due to a large atomic number Z in the case of Au and half-filled outermost s-and d-orbitals in the case of W. For tungsten, there is half-filling in both s and d due to s-d hybridization.
In experiments and for practical applications, cesiated tungsten has been much more widely-used than gold due to tungsten's refractory properties. The optimal coverages of cesium on tungsten reported in the literature range from 1. (Fig. 4 ).
It has long been known that bare (uncesiated) metal substrates generally have lower work functions for the open, i.e., less stable surfaces (e.g., BCC(100) and FCC (110)) than for the close-packed surfaces (e.g., BCC(110) and FCC (111)). This result is due to the smoothing of the surface electric charge distribution (the Smoluchowski effect) that lowers the work function 28, 44 . Moreover, it has been found empirically that a higher substrate work function usually leads to a lower MWF upon cesium adsorption 45 . Our results shown in Figs. 5a and 5b agree with both of these experimental results. Some of the cesiated surfaces we studied have the same crystal symmetry and similar lattice constants but different optimal coverages. It is thus interesting to compare their charge densities (e.g., Ag vs. Au and Zn vs. Ru) and thereby test the assumptions of our orbital-overlap model. The binding energy of cesium on silver at intermediate to high coverage is only about half as large as in the case of cesiated gold. The weaker binding means more in-plane electron density concentration and hence more Cs-Cs orbital overlap in the case of silver than of gold (Fig. 6a) . A similar comparison can be made between zinc and ruthenium (Fig. 6b) . In both cases, a larger spread of Cs orbitals implies a higher overlap between them, corresponding to a lower electron density near the centers of Cs atoms and a higher electron density in between the neighboring Cs atoms (cf. Figs. 6a and  6b ). These differences in the degree of orbital spread and overlap lead to lower optimal coverages in Ag and Zn than in Au and Ru, respectively, confirming that the orbital overlap terms in Eq. (2) are in fact crucial for determining optimal coverages and MWF from supercell simulations. (111) for all three cases (a)-(c), to exclude effects of structural relaxation (which do not lead to qualitative differences here). The DOS plots show that the differences in Cs-binding can indeed be attributed to purely electronic effects.
VII. CONCLUSION
We have presented a new model that characterizes the effect of cesium coverage on the work function of transition metal surfaces based on the degree of orbital overlap among the cesium adsorbate atoms, in addition to electrostatic effects. We find that the inclusion of overlap terms is necessary to accurately describe the work function behavior near its minimum. The model is able to predict the optimal coverages and the trends in minimum work functions for cesiated transition metals, in general agreement with experimental data. In particular, the (100) surface of tungsten, which provides an estimate for the average work function of the widely used polycrystalline tungsten, is predicted to have the lowest work function among all transition metals.
Since the lateral dipoles are less extended for stronger Cs-bonding to the surface, engineering of surface states could lead to new materials where the onset of orbital overlap is delayed and hence, even lower work functions can be achieved. For example, a nanostructured surface with feature size on the order of 1 nm could be designed to contain a high density of under-coordinated sites on the surface, or have more electronic states near the Fermi level to decrease the work function.
We have shown here that the work functions of cesiated single-element transition metal surfaces cannot get lower than that of tungsten, at about 1.3 eV. In the future, we will therefore study compound structures, e.g., interstitial elements similar to semiconductor doping, or super-lattice substrates, in order to increase the net dipole strength perpendicular to the surface and decrease the work function beyond what is possible with a simple atomic adsorbate on an elemental transition metal substrate. 
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